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SUMMARY 
The cha l lenge  o f  those  i n v o l v e d  i n  a i r c r a f t  c o n t r o l  system hardware 
development i s  t o  accommodate an e v e r - i n c r e a s i n g  c o m p l e x i t y  i n  a i r c r a f t  con- 
t r o l ,  w h i l e  l i m i t i n g  t h e  s i z e  and w e i g h t  o f  t h e  components and i m p r o v i n g  sys- 
tem r e l i a b i l i t y .  A  t e c h n o l o g y  t h a t  d i s p l a y s  promise towards t h i s  end i s  f i b e r  
o p t i c s .  The p r i m a r y  advantages o f  employ ing o p t i c a l  f i b e r s ,  p a s s i v e  o p t i c a l  
sensors and o p t i c a l l y  c o n t r o l l e d  a c t u a t o r s  a r e  we igh t l vo lume r e d u c t i o n ,  immu- 
n i t y  f r o m  e l e c t r o m a g n e t i c  e f f e c t s ,  h i g h  bandwidth  c a p a b i l i t i e s  and f reedom 
f r o m  s h o r t  c i r c u l t s l s p a r k i n g  c o n t a c t s .  S ince  1975, NASA Lewis has been per -  
f o r m i n g  In-house, c o n t r a c t  and g r a n t  r e s e a r c h  i n  f i b e r  o p t i c  sensors ,  h i g h  
temperature  e l e c t r o - o p t i c  sw i t ches  and " f l y - b y - l i g h t "  c o n t r o l  system a r c h i t e c -  
t u r e .  Pass ive o p t i c a l  sensor development i s  an e s s e n t i a l  y e t  c h a l l e n g i n g  a rea  
o f  work and has t h e r e f o r e  r e c e i v e d  much a t t e n t i o n  d u r i n g  t h i s  p e r i o d .  A  ma jo r  
e f f o r t  to  deve lop f l y - b y - l i g h t  c o n t r o l  system techno logy ,  known as t h e  " F i b e r  
O b t i c  C o n t r o l  System I n t e g r a t i o n "  (FOCSI) program was i n i t i a t e d  i n  1985 as a  
c o o p e r a t i v e  e f f o r t  between NASA and t h e  DOD. Phase I o f  FOCSI, completed i n  
1986, was aimed a t  t h e  d e s i g n  o f  a  f i b e r  o p t i c  i n t e g r a t e d  p r o p u l s i o n l f l i g h t  
c o n t r o l  system. Phase I 1  w i l l  p r o v i d e  subcomponent and system development,  
and system t e s t i n g .  I n  a d d i t i o n  t o  a  summary o f  t h e  b e n e f i t s  o f  f i b e r  o p t i c s ,  
t h e  FOCSI program, sensor advances, and f u t u r e  d i r e c t i o n s  i n  t h e  NASA Lewis 
program w i l l  be d i scussed .  
INTRODUCTION 
The app l  i c a t i o n  o f  f i b e r  o p t i  c l e l e c t r o - o p t i c  techno logy  t o  a i r c r a f t  con- 
t r o l  systems ho lds  much f u t u r e  promise due t o  a  number o f  i n h e r e n t  advantages 
o v e r  c u r r e n t  wire-based systems. R e p l a c i n g  t h e  p r o p u l s i o n  and f l i g h t  c o n t r o l  
system e l e c t r i c a l  w i r i n g  w i t h  o p t i c a l  f i b e r s  r e s u l t s  i n  a  s u b s t a n t i a l  w e i g h t  
and volume sav ings.  For example, i n  a  F-15 f i g h t e r ,  t h e  w e i g h t  r e d u c t i o n  i s  
e s t i m a t e d  t o  be 57 Kg (125 l b )  w h i l e  for t r a n s p o r t  a i r c r a f t ,  w e i g h t  sav ings  
c o u l d  reach  as h i g h  as 680 Kg (1500 l b ) .  Due t o  t h e  f a c t  t h a t  o p t i c a l  f i b e r s  
a r e  d i e l e c t r i c ,  problems w i t h  e l e c t r o m a g n e t i c  i n t e r f e r e n c e ,  e l e c t r o m a g n e t i c  
p u l s e ,  and l i g h t i n g  a r e  e l i m i n a t e d ,  wh ich i n  t u r n  e l i m i n a t e s  t h e  need f o r  
s h i e l d i n g  and surge quench ing c i r c u i t s .  T h i s  i s  p a r t i c u l a r l y  advantageous as 
modern a i r c r a f t  move towards t h e  use o f  compos i te  s t r u c t u r e s  which p r o v i d e  
l i t t l e  i n h e r e n t  s h i e l d i n g .  The h i g h  bandwidth  c a p a b i l i t y  i s  advantageous f o r  
d a t a  bus l i n e s  and o f f e r s  t h e  p o t e n t i a l  f o r  a l l  a v i o n i c s  d a t a  to  be t r a n s m i t -  
t e d  o v e r  a  s i n g l e  l i n e .  F i b e r  o p t i c s  a l s o  e l i m i n a t e s  t h e  t h r e a t  o f  f i r e s  due 
t o  i n s u l a t i o n  f a i l u r e s  o r  s h o r t  c i r c u i t s  wh ich c o u l d  cause i n a d v e r t e n t  
a c t u a t i o n  o f  c o n t r o l  hardware.  
F igure  1 shows an a r t i s t ' s  concep t ion  o f  a  f l y - b y - l i g h t  a i r c r a f t .  I n  
t h i s  g r e a t l y  s i m p l i f i e d  diagram, the  engine c o n t r o l  and f l i g h t  c o n t r o l  comput- 
e r s  a re  shown l i n k e d  t o  t h e i r  r e s p e c t i v e  s e t  o f  o p t i c a l  sensors and o p t i c a l  
ac tua to r s ,  us i ng  f i b e r  o p t i c  cab les and an e l e c t r o - o p t i c  i n t e r f a c e  ( n o t  shown). 
FIBER OPTIC CONTROL SYSTEM INTEGRATION PROGRAM 
The des ign,  development and t e s t i n g  o f  a  f i b e r  o p t i c  i n t e g r a t e d  p ropu l -  
s i on /  f l i g h t  c o n t r o l  system f o r  an advanced supersonic  dash a i r c r a f t  i s  t he  
goal  o f  t he  j o i n t  NASA and DOD F i b e r  O p t i c  Con t ro l  System I n t e g r a t i o n  (FOCSI) 
program. Phase I, t o  assess c u r r e n t  technology and p rov i de  system des ign  
o p t i o n s ,  was completed e a r l y  i n  f i s c a l  year  1987 (Oc t .  1986) ( r e f s .  1  and 2). 
Phase I prov ided  a  comparison o f  e l e c t r o n i c  and o p t i c a l  c o n t r o l  systems, iden-  
t i f i e d  t he  s t a t u s  o f  c u r r e n t  o p t i c a l  sensor technology,  de f i ned  t h e  a i r c r a f t  
senso r / ac tua to r  environment,  proposed a r c h i t e c t u r e s  f o r  f u l l y  o p t i c a l  c o n t r o l  
systems, and p rov ided  schedules f o r  development. O v e r a l l ,  i t  was determined 
t h a t  t he re  a re  s u f f i c i e n t  advantages i n  employing a  f i b e r  op t i c -based  c o n t r o l  
system t o  war ran t  con t inued  e f f o r t s  t o  develop such a  system. I t  was a l s o  
determined t h a t  i t  i s  f e a s i b l e  t o  b u i l d  a  f i b e r  o p t i c  c o n t r o l  system f o r  the  
development o f  a  database f o r  t h i s  technology,  b u t  t h a t  f u r t h e r  work i s  neces- 
sary  i n  sensors,  a c t u a t o r s ,  and components t o  develop an optimum-design, f u l l y  
f i b e r  o p t i c  i n t e g r a t e d  c o n t r o l  system compat ib le  w i t h  advanced a i r c r a f t  
environments.  
Phase 11, t o  des ign,  cons ' t ruc t ,  and ground t e s t  a  f l y - b y - l i g h t  c o n t r o l  
system has been i n i t i a t e d  w i t h  t he  f i r s t  t a s k  aimed a t  p r o v i d i n g  a  d e t a i l e d  
des ign o f  t he  e l e c t r o - o p t i c  a r c h i t e c t u r e  r e q u i r e d .  
A phase 111 program f o r  f l i g h t  t e s t  o f  t he  system i s  c u r r e n t l y  under con- 
s i d e r a t i o n  t o  e s t a b l i s h  an i n i t i a l  database on the  performance, r e l i a b i l i t y ,  
and m a i n t a i n a b i l i t y  o f  f l y - b y - l i g h t  c o n t r o l  systems. 
FIBER OPTIC SENSORS PROGRAM 
A s  was i n d i c a t e d  i n  the  p rev i ous  s e c t i o n ,  t o  implement a  f i b e r  o p t i c  con- 
t r o l  system r e q u i r e s  t he  development o f  pass ive  o p t i c a l  sensors and o p t i c a l l y  
c o n t r o l l e d  o r  powered a c t u a t o r s  capable o f  s u r v i v i n g  a i r c r a f t  env i ronments .  
Table I prov ides  a  p r e l i m i n a r y  l i s t  o f  the  s e t  o f  c o n t r o l  and c o n d i t i o n  moni- 
t o r i n g  sensors be ing  cons idered f o r  i n c o r p o r a t i o n  i n t o  the  FOCSI c o n t r o l  
system. The e n t i r e  c o n t r o l  system must be f l i g h t  q u a l i f i e d  t o  w i t h s t a n d  a  
supersonic  dash a i r c r a f t  environment,  i . e . ,  i t  must per fo rm r e l i a b l y  w i t h  
repeated temperature c y c l i n g  and v i b r a t i o n .  The most severe o v e r a l l  env i r on -  
ments occur  i n  the engine bay areas.  Here t he  h i g h e s t  soaking temperature a  
sensor may see i s  423 K (150 "C)  and t he  lowes t  i s  218 K (-55 "C), w h i l e  t h e  
h i g h e s t  temperature the  a c t i v e  su r f ace  may see i s  1370 K (1100 "C) i n  p e n e t r a t -  
i n g  t he  h o t  s e c t i o n  ( r e f .  1 ) .  F i b e r  o p t i c  cab les and connectors  i n  t h e  engine 
bay area a re  exposed t o  a  temperature range of  218 K t o  i n  excess o f  373 K 
(100 "C). The e l e c t r o - o p t i c s  a re  con ta ined  w i t h i n  the  p r o t e c t e d  engine con- 
t r o l  computer environment and must ope ra te  r e l i a b l y  i n  a  temperature range o f  
218 t o  358 K (85 " C ) ,  a l though  f l i g h t  q u a l i f i c a t i o n  r e q u i r e s  m i l i t a r y  s p e c i f i -  
c a t i o n  components which a re  t e s t e d  t o  398 K 
(125 "C) .  C u r r e n t l y ,  a c t u a t o r s  would most l i k e l y  be o f  t h e  o p t i c a l l y -  
c o n t r o l l e d  v a r i e t y ,  a b l e  t o  o p e r a t e  r e l i a b l y  i n  a  temperature  env i ronment  f r o m  
218 t o  423 K .  
NASA Lewis has addressed t h i s  c r i t i c a l  a r e a  o f  techno logy  s i n c e  1975, by  
d e v e l o p i n g  a  wide v a r i e t y  o f  o p t i c a l  sensors and a  h i g h  temperature  e l e c t r o -  
o p t i c  s w i t c h  th rough  in-house, c o n t r a c t  and g r a n t  e f f o r t s  ( r e f .  3 ) .  Labora- 
t o r y  p r o t o t y p e s  have been developed and t e s t e d  f o r  measurement o f  temperatures  
(218 t o  1973 K ) ,  p r e s s u r e ,  speed, p o s i t i o n ,  f l o w  and b lade  t i p  c l e a r a n c e .  
C u r r e n t l y  work i s  c o n t i n u i n g  to  improve methods f o r  temperature ,  p r e s s u r e  
and p o s i t i o n  measurements and has been i n i t i a t e d  t o  deve lop r e f e r e n c i n g  tech-  
n iques  f o r  i n t e n s i t y  modulated sensors,  o p t i c a l  sensor m u l t i p l e x i n g  schemes, 
and shock p o s i t i o n  sensors  ( r e f s .  4 and 5 ) .  Two examples which w i l l  be d i s -  
cussed f u r t h e r  a r e  a  wave length  d i v i s i o n  m u l t i p l e x e d  o p t i c a l  encoder and a  
semiconduc to r -e ta lon  temperature  sensor ( r e f s .  5 t o  8 ) .  
A  d iagram o f  t h e  wave length  d i v i s i o n  m u l t i p l e x e d  o p t i c a l  encoder i s  shown 
i n  f i g u r e  3. I t  uses a  m i c r o - o p t i c a l  wave length  rnultiplexerldemultiplexer i n  
c o n j u n c t i o n  w i t h  a  r e f l e c t i v e  code p l a t e .  T h i s  approach r e s u l t s  i n  a  compact, 
rugged and p o t e n t i a l l y  i nexpens ive  d e v i c e .  The m u l t i p l e x e r  u n i t  c o n s i s t s  o f  a  
5  mm d iamete r  graded index  (GRIN) r o d  l e n s  epox ied  t o  a  p r i s m l g r a t i n g  assem- 
b l y .  Broadband l i g h t  f r o m  two LEDs e n t e r s  t h e  t r a n s d u c e r  v i a  t h e  encoder 
i n p u t l o u t p u t  f i b e r .  The m u l t i p l e x e r  d i s p e r s e s  t h e  broadband spect rum ac ross  
t h e  channels o f  a  r e f l e c t i v e  code p l a t e .  Those wavelengths d i r e c t e d  t o  a  
channel  i n  t h e  l o g i c  z e r o  s t a t e  a r e  absorbed by  t h e  code p l a t e .  Those wave- 
l e n g t h s  d i r e c t e d  to a  channel  i n  t h e  l o g i c  one s t a t e  a r e  r e f l e c t e d  by  t h e  code 
p l a t e  and r e t r a n s m i t t e d  to  t h e  i n p u t l o u t p u t  f i b e r .  A t  t h e  r e c e i v e r  o f  t h e  WDM 
o p t i c a l  encoder, d e m u l t i p l e x i n g  i s  per formed by  a  second g r a t i n g  assembly 
which d i s p e r s e s  t h e  spect rum o n t o  a  pho tod iode  a r r a y .  The p a t t e r n  o f  
"onN-peaks ( l o g i c  1)  and " o f f " - v a l l e y s  ( l o g i c  0) d e f i n e s  t h e  p o s i t i o n  o f  t h e  
a c t u a t o r  t o  t e n  b i t  r e s o l u t i o n .  C u r r e n t l y ,  a  p r o t o t y p e  encoder i s  b e i n g  
c o n s t r u c t e d  f o r  f u t u r e  eng ine and f l i g h t  t e s t s .  
A  schemat ic d iagram o f  a  semiconductor  e t a l o n  temperature  sensor i s  p re -  
sented i n  f i g u r e  4. The sens ing  element i s  a  s i l i c o n  c a r b i d e  ( S i c )  e t a l o n  on 
s i l i c o n  ( S i ) .  L i g h t  i n c i d e n t  on t h e  e t a l o n  i s  p a r t i a l l y  r e f l e c t e d  f r o m  b o t h  
o f  i t s  su r faces .  I n t e r f e r e n c e  p a t t e r n s  f r o m  these r e f l e c t e d  beams can be 
r e l a t e d  t o  t h e  o p t i c a l  t h i c k n e s s  o f  t h e  e t a l o n  which,  i n  t u r n ,  i s  a  f u n c t i o n  
o f  t h e  temperature .  An o p t i c a l  f i b e r  d e l i v e r s  l i g h t  t o  t h e  sensor .  A  graded 
index r o d  (GRIN) m i c r o l e n s  c o l l i m a t e s  t h i s  l i g h t  and d i r e c t s  i t  towards t h e  
sens ing  e t a l o n .  L i g h t  r e f l e c t e d  by t h e  e t a l o n  i s  r e c o u p l e d  i n t o  t h e  f i b e r  by 
t h e  G R I N  l e n s .  A  dua l  i n t e r f e r o m e t e r  ( n o t  shown) system i s  employed t o  
de te rm ine  t h e  o p t i c a l  t h i c k n e s s .  To p e r m i t  t h e  measurement o f  temperatures  
s i g n i f i c a n t l y  h i g h e r  than  can be w i t h s t o o d  by t h e  f i b e r  and graded index  
( G R I N )  r o d  l e n s ,  an a lumina  tube p o s i t i o n s  t h e  sens ing  e t a l o n  a  d i s t a n c e  o f  
5  cm f r o m  t h e  G R I N  l e n s .  The sens ing e t a l o n  i s  a  s i n g l e - c r y s t a l  f i l m  o f  s i l i -  
con c a r b i d e  ( S i c )  w i t h  a t h i c k n e s s  o f  18 pm. A  s i l i c o n  s u b s t r a t e  p r o v i d e s  
mechanical  suppor t  t o  t h e  S i c  and serves t o  p r o t e c t  i t s  s u r f a c e .  A  s m a l l e r ,  
more advanced v e r s i o n  o f  t h e  sensor i s  c u r r e n t l y  b e i n g  c o n s t r u c t e d .  
SUMMARY AND CONCLUDING REMARKS 
A  d e s c r i p t i o n  o f  t h e  NASA Lewis program i n  f i b e r  o p t i c s  for a i r c r a f t  
c o n t r o l  systems has been p resen ted  i n c l u d i n g  FOCSI, a  NASA and DOD c o n t r a c t e d  
program t o  des ign ,  deve lop  and t e s t  a  f l y - b y - l i g h t  a i r c r a f t  c o n t r o l  system, 
and an in-house, c o n t r a c t ,  and g r a n t  program t o  deve lop and t e s t  f i b e r  o p t i c  
sensors and o p t i c a l l y  c o n t r o l l e d  a c t u a t o r s .  
NASA i n t e n d s  t o  c o n t i n u e  t o  a g g r e s s i v e l y  pursue a l l  a reas o f  t h i s  
techno logy .  A d d i t i o n a l l y ,  we a r e  i n t e r e s t e d  i n  s e r v i n g  as a  f o c u s  f o r  
a c h i e v i n g  a  consensus on f i b e r  o p t i c  component s p e c i f i c a t i o n s  f o r  a i r c r a f t .  
One a r e a  which deserves a t t e n t i o n  i n  t h e  near  t e r m  i s  f l y - b y - l i g h t  c o n t r o l  
systems f o r  f u t u r e  g e n e r a t i o n  f i g h t e r  a i r c r a f t  and h i g h  speed a i r c r a f t  such as 
those  f l y i n g  i n  s u s t a i n e d  superson ic  o r  hyperson ic  reg imes.  Such c o n t r o l  
systems w i l l  r e q u i r e  f i b e r  o p t i c  components capable  o f  much h i g h e r  tempera tu re  
o p e r a t i o n  than  was r e p o r t e d  he re .  
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TABLE I. - PRELIMINARY FOCSI SENSOR SET 
Propulsion control  
Pressure 
Compressor i n l e t ,  discharge 
Turbine discharge 
Speed 
Fan, core 
Temperature 
Compressor, turb ine i n l e t  
Turbi ne blade 
Actuator posi t ions 
Fuel f low 
Light-of f  detector 
Propulsion condit ion monitoring 
O i l  temperature, l eve l ,  debris 
Vibrat ion 
Fuel temperature 
F l i gh t  control  
Actuator posi t ions 
Pressure ( t o t a l ,  s t a t i c )  
Mach number 
Angle o f  at tack 
Total temperature 
In ter face w i th  f l i g h t  guidance 
F l i gh t  condit ion monitoring 
Hydraul i c  pressure, temperature, l e ve l  
Fuel l eve l  
AIRFRAME 
MULTIPLEX BUS -' SENSORS 
ACTUATORS 
ECC-ENGINE CONTROL COMPUTER 
FCC-FLIGHT CONTROL COMPUTER 
FIGURE 1. - FLY-BY-LIGHT AIRCRAFT. 
OBJECTIVE 
DEVELOP THE TECHNOLOGY NECESSARY TO INCORPORATE A FIBER-OPTIC INTEGRATED 
PROPULSlONlFLlGHT CONTROL SYSTEM INTO AN ADVANCED SUPERSONIC AIRCRAFT 
SCHEDULE 
FISCAL YEAR 
86 87 88 89 90 91 92 93 94 
PHASE I: PROPULSIONIFLIGHT CONTROL DESIGN 
PHASE 11: SUBCOMPONENTISYSTEM DEVELOPMENT ENGlNEllRON BIRD TEST 
NASAIDOD COOPERATIVE EFFORT 
RESULTS APPLICABLE TO FUTURE ADVANCED ROTORCRAFT 
FIGURE 2. - FIBER O P T I C  CONTROL SYSTEM INTEGRATION PROGRAM. 
GRIN LENS 1 
CODE PLATE 7 \ I I 
CHANNEL 2 - 
OPTICAL 
FIBER --\ 
' FIBER 47- 
FIGURE 3. - WAVELENGTH D I V I S I O N  MULTIPLEXED OPTICAL ENCODER. 
r CEMENT 
ALUM I NA r T,,,, 2.5 mm I 
I 1 r S~CIS~ WAFER I 
FIGURE 4. - SEMICONDUCTOR-ETALON TEMPERATURE SENSOR. 
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